Of 87 strains previously identified as Bacillus brevis Migula 1900,58 had G+C contents of 47.0 to 51.9 mol% , a range that included the G+C content (48.7 mol%) of the type strain. The G+C contents for three other groups consisting of 5,7, and 17 strains were 37.0 to 41.9,42.0 to 46.9, and 52.0 mol% or higher, respectively. DNA reassociation studies showed that 25 of the 58 strains with G+C contents of 47.0 to 51.9 mol% were closely related genetically to the type strain and to each other. For the most part, this genetically related group was phenotypically homogeneous; variations in the fermentation of mannitol and mannose were observed. My results strongly suggest that many of the strains were misclassified as B . brevis. Consequently, much of the phenotypic heterogeneity of the species B . brevis Migula 1900 is not due to variations exhibited by genetically related organisms, but is the result of variability introduced by the presence of genetically unrelated strains.
The name Bacillus brevis was assigned by Migula (11) in 1900 to bacteria that had been previously designated "Bacillus lactic I" by Flugge (5) . Because the original B. brevis strains were lost, the present species is based on three strains which Ford isolated in 1916 and named B. brevis because they apparently conformed to the original description of the species (6). Consequently, the modern version of the taxon uses one of Ford's strains, strain 27B, as the type strain.
Interest in B. brevis burgeoned in the early 1940s with the discovery that some B. brevis strains produce the antibiotic gramicidin. Interestingly, the gramicidin-producing strains studied by Gause and Brazhnikova (7) grew optimally at 60°C but were otherwise similar to the strains of Dubos and Hotchkiss (3) . At the present time a number of thermophilic strains are classified as B. brevis (8). Other unique traits ascribed to B. brevis strains are molluscicidal activity (16) and hyperproduction of proteins (21) . Because the latter property results in part from a low production of proteinases, B. brevis is highly suitable for genetic manipulation for the production of foreign proteins (21) .
The increased interest in B. brevis stimulated the isolation of new strains, some of which varied significantly from the standard strains of the species. The wide discrepancies in maximum growth temperatures, unusual characteristics in selected strains, and wide range of G + C values suggested that B. brevis is a phenotypically heterogeneous species, an observation that was confirmed by the numerical taxonomic studies of Priest et al. (14) . Wide variations in certain characteristics or the appearance of unique characteristics in some strains could be due to genetic heterogeneity and/or to the inherent variability of the species. The reported G+C contents (47 to 55 mol%) (21) suggest that the genetic homogeneity of the taxon may be suspect. In this study I assessed the extent of G+C content variation in a large number of strains classified as B. brevis and identified close genetic relatives of the type strain by using DNA reassociation procedures. A phenotypic reexamination of the genetically related strains established the fundamental characteristics of the species. Characterization. Unless specified otherwise, the methods of Gordon et al. (8) were used to characterize strains. The carbohydrate fermentation test was expanded to include the following compounds: L-arabinose, cellobiose, D-fructose, D-galactose, D-glucose, lactose, maltose, D-mannitol, D-mannose, melibiose, L-rhamnose, D-ribose, salicin, D-sorbitol, sucrose, trehalose, and D-xylose. In addition to citrate and propionate, the organic acid utilization test included acetate, fumarate, malate, and succinate. Tween 80 hydrolysis was determined by the method of Breuil and Gounot (l) , the production of hydrogen sulfide was determined by stab culturing in triple sugar iron agar (9), and oxidase synthesis was determined by the procedure of Steel (19) . Arginine decomposition, lysine decomposition, and ornithine decomposition were determined by the method of M@eller (12). Urease activity was detected by the procedure of Edwards and Ewing (4).
MATERIALS AND METHODS

Bacterial strains.
DNA investigations. The organisms were grown at 28°C in TGY broth (10) with agitation and were harvested by centrifugation at 5°C in the mid-to late-logarithmic growth phase. All cultures were examined microscopically for the absence of sporulation before harvesting. The procedures used for preparing highly purified DNA samples by hydroxyapatite chromatography and the spectrophotometric method for estimating the extent of DNA reassociation by measuring renaturation rates have been described previously (13 purchased from Sigma Chemical Co., St. Louis, Mo., was used as an internal standard. Numerical analyses. Clustering to determine DNA relatedness and phenotypic similarity was based on the unweighted pair group arithmetic average algorithm (18) . The TAXAN program of David Swartz, University of Maryland, College Park, was used to carry out the analyses with a DTK AT computer.
RESULTS
On the basis of G+C contents, the 87 strains identified as B . brevis segregated into four groups (groups 1 through 4) , which had the following G+C composition ranges, respectively: 37.0 to 41.9, 42.0 to 46.9, 47.0 to 51.9, and 52.0 mol% or higher (Table 1 ). Groups 1, 2, 3 (group 3a plus group 3b), and 4 contained 5, 7, 58, and 17 strains, respectively. Because group 3 included the type strain of B . brevis (strain NRRL B-14602). it was presumed to represent the species and was selected for further phenotypic and DNA reassociation analyses.
High DNA relatedness values (66 to lOO%j showed that 24 group 3a strains of the 58 group 3 strains were closely related genetically to the type strain and, hence, represented B . brevis sensu strict0 ( Table 1) . The remaining 33 strains (group 3b) gave reassociation values of less than 35% with the type strain, indicating that they were not closely related genetically to B . brevis. A detailed evaluation of group 3a was carried out by performing DNA hybridizations with all of the strains. Figure 1 clustered at roughly the 72% level into two phena (phena 3al and 3a2), in which the relatedness values ranged from 87 to 100%. The type strain was a member of phenon 3a2. Figure 2 shows the phenotypic relationships of the group 3 strains. The group 3a strains constituted a homogeneous group (phenon 11) that was distinct from the group 3b strains (phena I and 111). Interestingly, the strains of B . hrevis sensu stricto (group 3a) formed two distinct subclusters (phena IIa and IIb) at a similarity level of approximately 0.95. The strain compositions of phenotypic phena IIa and IIb were identical to the strain compositions of DNA relatedness phena 3a2 and 3a1, respectively (Fig. 1 ). As Table 2 shows, these two subclusters differed in their fermentative action on mannose and mannitol; the strains in the subcluster containing the type strain fermented both carbohydrates, whereas the strains in the other subcluster did not. Group 3b consisted of miscellaneous strains that separated into a number of clusters, which illustrated the phenotypic heterogeneity of the group. Table 2 shows that these strains were heterogeneous for most of the characteristics examined. It is worth noting that, except for two strains, the strains with G + C contents of 47.0 to 51.9 mol% had the following characteristics in common: they were aerobic, produced swollen sporangia, did not hydrolyze starch, were catalase positive, and did not produce acetylmethylcarbinol. All were gram positive and had dimensions of 0.5 by 3 to 4 pm. 
DISCUSSION
B . brevis appears to be a genetically heterogeneous species because it contains groups with four different G+C content ranges. Even in the G+C content group which includes the type strain, not all of the strains are closely related to the type strain or to each other; only 24 of 58 strains with G+C contents of 47.0 to 51.9 mol% are closely related to the type strain and thus can be considered members of B . brevis sensu stricto. Therefore, only about 40% of the strains were correctly identified by the classical characterization process. Misclassifications may have resulted from reliance on dichotomous keys for identification. The two schemes that are frequently used to key to B . brevis are based mainly on the following characteristics: oxygen re- quirement, sporangium morphology, starch hydrolysis, acetylmethylcarbinol production, growth temperature, acid production from glucose with an inorganic nitrogen $ource, and pH in Voges-Proskauer medium (8).
According to Fig. 1, B . brevis sensu stricto consists of two genetic subgroups which are about 72% related; the levels of intragroup relatedness range from 87 to 100%. These two subgroups correlate directly with the phenotypic variation observed in the B. brevis sensu stricto group; i.e., strains in the subgroup that includes the type strain ferment mannitol and mannose, whereas those in the other subgroup do not. Unfortunately, the small number of closely related strains which were studied was not suitable for reliably estimating the extent of phenotypic variability of the species. However, the data suggest that B. brevis can be characterized as follows: gram-variable rods which are 0.5 by 3 to 4 pm; are motile; develop oval spores in swollen sporangia; grow strictly aerobically; are catalase and oxidase positive; do not grow in 3% NaCl; reduce nitrate to nitrite; hydrolyze casein; do not hydrolyze starch; utilize citrate but not propionate; do not produce acetylmethylcarbinol; decompose tyrosine; do not grow at 50°C; grow at pH 5.6; do not grow in 0.001% lysozyme; do not produce indole or dihydroxyacetone; do not ferment L-arabinose, lactose, melibiose, salicin, D-sorbitol, L-rhamnose, and D-xylose; ferment cellobiose, D-fructose, D-glucose, D-galactose, maltose, D-ribose, sucrose, and trehalose; and ferment D-mannose and D-mannitol variably.
B. brevis sensu lato is an amalgamation of genetically unrelated organisms, and this accounts for the phenotypic heterogeneity of the taxon. It is worth noting that neither gramicidin production nor thermopbilly is characteristic of B. brevis sensu stricto. Many of the non-B. brevis strains, including the grarnicidin producers and thermophiles, do cluster on the basis of the similarity of their G + C contents. Studies will be done to determine whether some of these strains are related and represent members of as-yet-unnamed species.
